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Introduction
Iron nickel (FeNi) alloys are dominant magnetic phase in most achondritic and chondritic meteorites and lunar samples (Rochette et al. 2003 (Rochette et al. , 2008 (Rochette et al. , 2009 ). Review of the magnetic properties of FeNi system can be found for example in Wasilewski (1974) .
Additionally, carbides, phosphides and sulfides can be found in some achondritic and chondritic or martian meteorites (Rochette et al. 2003 (Rochette et al. , 2008 (Rochette et al. , 2009 . While most of these sulfides (with the exception of ferrimagnetic monoclinic pyrrhotite Fe 1-x S) are antiferromagnetic or paramagnetic at room temperature, various magnetic transitions occur at lower temperatures enhancing their induced or remanent magnetization, or both. In this study we provide a review of low-temperature magnetic data available for alabandite (Fe,Mn) (Glassmeier et al. 2007a ). Both orbiter and Philae cometary lander are equipped with magnetometers (Rosetta Plasma Consortium Magnetometer (RPC-MAG) and Rosetta Magnetometer and Plasma Monitor (ROMAP) respectively). Preliminary studies (Auster et al. 2007 , Glassmeier et al. 2007 ) take into account only FeNi alloys as the magnetic mineral present in cometary material.
Most stony meteorites and related asteroidal parent bodies are more abundant in FeNi metallic phase than in the iron bearing sulfide phase. Thus FeNi metal will dominate their magnetic properties (with certain sulfides as daubreelite being significant contributor). In contrast, iron bearing sulfide phase seems to be more abundant in cometary dust.
Iron, bearing sulfides (mainly troilite, pyrrhotite and FeNi sulfide pentlandite) have been reported in interplanetary dust particles (IDP's) (Dai and Bradley 2001, Rietmeijer 2005 ) and in cometary dust (Brownlee et al. 2006 , Lisse et al. 2006 , Zolensky et al. 2006 . Moreover, sulfides in these extraterrestrial materials are volumetrically more abundant than a FeNi metallic phase. For this reason the magnetic properties of these sulfides must be considered when interpreting magnetic observations of cometary bodies. Additionally, we consider alabandite and daubreelite as potential compounds present within dusty fraction in our modeling.
Instruments and Methods
The magnetic measurements were done at the Institute for Rock Magnetism, University of Minnesota (IRM) using Quantum Designs MPMS-5S cryogenic susceptometer (AC/DC). In a previous study (Kohout et al. 2007 ) the FC (Field Cooled) and ZFC (Zero Field Cooled) induced (in 10 mT field) magnetization curves were shown to be most suitable for the detection of iron bearing sulfides, particularly daubreelite. Thus, we measured FC and ZFC curves on warming from 5 K to 300 K in 5 K steps for 14 additional enstatite meteorite samples.
The chemical composition of sulfides present in meteorite samples was determined at Czech Geological Survey, Prague, Czech Republic (CGS) using CamScan3200 scanning electron microscope (SEM) equipped with Microspec WDX 3PC Wavelength-dispersive spectrometry (WDS) analyzer. The analyses were performed using an accelerating voltage of 20 kV, 24 nA beam current, 1 m beam size and ZAF correction procedures. The counting time was 30 s for all analyzed elements. The instrument was calibrated using a combination of natural and synthetic standards.
Iron bearing sulfides in extraterrestrial material
Alabandite Alabandite (Fe,Mn)S is a naturally occurring mineral that crystallizes in isometric hexoctahedral (face centered cubic -f.c.c.) NaCl structure. Magnetic properties of synthetic alabandite are summarized in Heikens et al. (1977) . Alabandite is paramagnetic at room temperatures and orders antiferromagnetically below the Néel temperature of T N ~ 148 K. At 
Troilite
Troilite is an iron sulfide with an ideal stoichiometric composition FeS. It crystallizes into a peculiar lattice (space group 2c 6 P ), which can be thought of as being derived from the NiAs structure. The troilite supercell axes are A a 3 and c = 2C, where A and C are NiAs subcell axes (Hägg and Sucksdorff, 1933) . Magnetic properties of troilite above room temperature have been studied extensively (Haraldsen 1937 , 1941 , Hirahara and Murakami 1958 , Murakami and Hirahara,1958 , Murakami, 1959 , Schwarz and Vaughan 1972 , Horwood et al. 1976 , Li and Franzen 1996 . Between room temperature and Neél temperature of Pyrrhotite Fe 1-x S is an iron sulfide with iron deficiency compared to troilite. Two forms are commonly found in natural samples. While at the room temperature the hexagonal pyrrhotite of stoichiometric compositions Fe 9 S 10 and Fe 11 S 12 is antiferromagnetic, the monoclinic form Fe 7 S 8 is ferrimagnetic and thus contributes significantly to the bulk rock magnetic properties.
Based on the review by Dunlop and Özdemir (1997) respectively (Dekkers,1988) . The monoclinic pyrrhotite has a low-temperature transition in remanence and coercive force at 30-35 K (most likely isotropic point of the magnetocrystalline anisotropy, Dekkers 1989 , Rochette et al. 1990 , Dunlop and Özdemir 1997 The magnetic susceptibility and induced magnetization in 10 mT are relatively high, in the range of ~ 10 -4 m cubic-to-triclinic symmetry reduction within crystallographic domains (Tsurkan et al. 2001a ,b,c, Maurer et al. 2003 , Müller et al. 2006 .
Variations of T m and T C in daubreelite-bearing meteorites
In order to get deeper insight into the variation of T m and T C in daubreelite we measured FC and ZFC induced magnetization curves of 14 additional enstatite chondrites covering both enstatite subgroups (EH and EL) and all petrographic types (3-6). Most of these meteorites contain natural daubreelite of various amounts and compositions and thus are suitable natural source of daubreelite for our studies. Kohout et al. (2007) . The meteorites are listed in Table 1 .
A strong contribution of daubreelite to the FC and ZFC induced magnetization is apparent in all EL chondrites while it is weak or missing in EH chondrites (Fig. 1) . The kamacite and iron bearing sulfide abundances and daubreelite compositions were subsequently evaluated on thin sections using SEM-WDS and the results were evaluated with aim to find the relation between the daubreelite compositions and shift in its T m and T C temperatures.
From the results of enstatite meteorites it is apparent that the daubreelite in all samples contain 0.83-3.25 wt% Mn 2+ replacing Fe 2+ ions. However, no obvious correlation was observed between average Mn 2+ content in daubreelite within the meteorites and variations in its T m or T C temperatures (Table 2) . Additionally, there was no correlation observed between the homogeneity of daubreelite and enstatite subgroup, petrographic type, or shock level.
However, it is apparent that daubreelites in all enstatite meteorites have systematically lower T C by up to 20 K and higher T m by ~ 10-15 K, compared to pure synthetic material. Also the natural daubreelite from the Coahuila iron meteorite (with no significant impurities detected) has T m higher by ~ 10 K, but T C close to that of synthetic material.
It seems likely that presence of Mn in daubreelite decreases its T C . There might be also an increasing effect on T m . However, this is not supported by Coahuila daubreelite sample. An alternative interpretation (Tsurkan et al. 2001b ) explains variations in T m or T C temperatures in daubreelite in terms of stress or lattice distortions. With existing data we can't draw a definite conclusion.
Discussion
In the Table 3 we compare magnetic susceptibility, induced magnetization and saturation remanent magnetization of alabandite, daubreelite, monoclinic pyrrhotite and troilite to that of However, modeling of comet 46P/Wirtanen (Heubner et al. 2006 pp. 197-198) or 67P/Churyumov-Gerasimenko (Heubner et al. 2006 p. 199) shows that the cometary surface is subject to temperature variations in the range of 100-200 K down to the depth of several meters while the cometary interior is thermally stable at several tens Kelvin. This is within the temperature range where alabandite, daubreelite, or troilite are also "magnetic". Thus not only FeNi alloys, but also sulfides have to be considered in the interpretation of magnetic data from cometary objects such as will be delivered by Rosetta mission.
Furthermore, the approach of the comet towards the Sun and the rotation of its nuclei will cause variations in the surface temperature. This may produce detectable changes in the magnetic properties of the comet as various sulfides will change their magnetic ordering states at their characteristic transition temperatures.
To demonstrate and compare magnetic properties of these minerals present within extraterrestrial materials let us model a cold icy cometary body containing dispersed 10 wt% fine-powder fraction of alabandite, daubreelite, monoclinic pyrrhotite, troilite or FeNi metal. As the magnetic susceptibility of such a body is proportional to the concentration of the magnetic minerals we can estimate from Table 3 The estimate of induced magnetization measured by space probe orbiting a minor solar system body is discussed in Kohout et al. (2008) . This modeling reveals that it will be difficult, but not impossible, to detect such interactions orbit. Based on Eq. 11 in Kohout et al. (2008) , the induced magnetization measured on the orbit around a comet containing 10 wt% of finely dispersed daubreelite in 10 nT IMF will be in range of 10 -1 -10 0 nT. This is within the resolution limit of Rosetta's RPC-MAG instrument (31 pT, Glassmeier et al.2007b ). The ROMAP instrument on the Philae lander (resolution 10 pT, Auster et al. 2007 ) should provide stronger signal and might detect those interactions more reliably.
As the cometary activity increases on its approach to the Sun, dust and volatiles are released to form a coma surrounding the nucleus. Complex solar wind interactions with dust and ionized gas within the coma are expected. Also here a dusty magnetic mineral fraction may contribute to the solar wind driven magnetic interactions. However, it is difficult to quantitatively predict the scale of these interactions.
The magnetic remanence of small dusty grains was recognized as an important factor in the aggregation process Nübolt 2002, Nübolt et al. 2003) and may lead to accretional remanence of cometary bodies (Nübolt and Glassmeier 2000) . However, such a remanence does not need to be preserved till present time.
Any extraterrestrial body remanence carried by iron bearing sulfides will be erased while the material warms-up through described sulfide magnetic transitions (Kohout et al. 2007 ). This can happen periodically to the outer layers of the minor solar system bodies during their orbital or rotational history (asteroids or periodical comets). Due to this the remanence carried by most iron bearing sulfides (with exception of monoclinic pyrrhotite) may be partly lost.
The magnetic remanence carried by FeNi grains or monoclinic pyrrhotite may be more stable.
While the MD particles are susceptible to viscous magnetic effects, the small SD (single-domain) grains may carry remanent magnetization over a long time and may be carriers of cometary remanent magnetization.
Conclusions
Besides FeNi alloys mainly monoclinic pyrrhotite and daubreelite below its T C ~150 K with strong induced and remanent magnetizations may be a significant magnetic minerals in cold environment. In the case of daubreelite strong induced magnetization below 150 K may complement that of FeNi or even dominate magnetic properties of sulfide rich bodies at these temperatures.
Additionally iron free alabandite samples slightly enriched in Mn compared to ideal composition show antiferro to ferrimagnetic transition at T T ~ 50 K accompanied with accompanied with sharp one to two orders of magnitude increase in induced magnetization on cooling.
Similar behavior is observed in troilite where magnetic susceptibility shows one order of pentlandite (Fe,Ni) 9 S 8 ) should be magnetically characterized at low temperatures. Tables   Table I. List of meteorites subjected to the magnetic measurements. Table III . The magnetic properties of the sulfides considered in this study. Data are from Dekkers, 1988 , Kohout et al. 2007 , Petrakovskii et al. 2001 , Tsurkan et al. 2001a ,b,c, and Heikens et al. 1977 . 
